We present a new method for preparation of protein-specific polymer beads based on surface molecular imprinting in Pickering emulsion. In the first step, adult human hemoglobin (Hb) was adsorbed on silica nanoparticles. The protein-coated silica particles were then used to stabilize an oil-in-water emulsion (Pickering emulsion) composed of cross-linking monomer in the oil phase. After free radical polymerization of the oil phase, the protein-silica particles were removed to leave Hb-imprinted sites on the polymer surface. The protein-imprinted polymer microspheres were characterized by scanning electron microscopy and their selectivity was investigated by protein binding analysis. The new synthetic method based on Pickering emulsion polymerization produced easily accessible Hb binding sites on the surface of spherical polymer particles, which are useful for protein separation, purification and analysis.
Introduction
Molecular imprinting is a versatile technique for preparing synthetic polymers with specic recognition property for molecular targets.
1,2 Due to their low cost and high stability, molecularly imprinted polymers (MIPs) can be used as substitutes for biological macromolecules in applications covering affinity separations, enzyme catalysis and protein crystallization. [3] [4] [5] [6] [7] To date, molecular imprinting has been successful mainly for small molecules. [8] [9] [10] In the case of biological macromolecules such as proteins, polysaccharides and nucleic acids, the use of molecular imprinting to create recognition materials for these biomacromolecules has been more challenging. This is largely due to the large molecular size and conformational diversity of these entities. Furthermore, biomacromolecules are oen sensitive to both pH and temperature changes, and can be easily denatured under the harsh polymerization conditions.
Because of the enormous demand for protein-selective materials in the areas of biology and life science, there have been some successful attempts to prepare protein imprinted polymers via different strategies, such as through the sol-gel process, 11 free-radical polymerization, 12 and other methods.
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Most of these studies have used a low crosslinking density to enable protein diffusion, 14, 15 in particular in hydrophilic polyacrylamide gels. 16, 17 One technical issue, however, is that MIPs prepared by these approaches are so and have low mechanical strength, making their application limited and the MIPs unsuitable for repeated use, e.g. as stationary phases in chromatography separation. 13 Thus, in order to achieve protein selective materials with high mechanical stability, new synthetic methods need to be developed.
Recently, MIPs carrying surface molecularly imprinted sites have been prepared as promising affinity materials for protein separation and analysis. [18] [19] [20] [21] [22] [23] In surface molecular imprinting, silica beads, glass slides and silica-modied magnetic nanoparticles are usually used as substrate to support a thin layer of MIP lm, for which the thickness of the MIP lm is controlled to allow protein binding sites to be accessible. In this way the protein template can be removed more easily from the MIP, and the kinetics of protein binding in intended applications can be accelerated. Although different surface imprinting methods have shown promising results, [24] [25] [26] [27] most of the reported methods use complicated and time-consuming steps to present protein template at the reactive interface in a heterogeneous imprinting system.
In our recent studies, we have demonstrated that nanoparticle-stabilized emulsions (Pickering emulsions) offer a versatile system for preparing MIP microspheres. [28] [29] [30] [31] In addition to MIP beads selective for small organic molecules, we have shown that hydrophilic MIP beads containing protein-imprinted sites can be synthesized by Pickering emulsion polymerization. 32 In the previous protein-imprinting work, we used silica nanoparticles to stabilize the water-in-oil emulsion, where the water phase contained functional monomer and the protein template. The hydrophilic MIP beads, although showed high protein selectivity, had low mechanical strength due to the low crosslinking density in the interior of the polymer particles. In this work, we show that by presenting the protein template on the surface of the stabilizing nanoparticles, it is feasible to synthesize protein imprinted sites on MIP surfaces. This new method involves the use of protein coated silica as the stabilizing particles to establish an oil-in-water Pickering emulsion. The oil phase contains crosslinking monomer and initiator, and the functional monomer that interacts with the protein template is enriched at the oil-water interface due to the protein template (Fig. 1) . Herein we used Hb as a model protein template, since it has important medical relevance and is a common model for studying protein-MIP interactions in the literature. 21, 23, 32 This interfacial protein imprinting leads to the formation of protein recognition sites on the surface of crosslinked polymer beads. The advantage of this synthetic method resides in its general applicability and being able to be scaled up for preparation of large quantities of protein selective MIPs.
Material and methods

Materials
Silica nanoparticles (diameter 10 nm), acrylamide (Am, $98%), ethylene glycol dimethacrylate (EGDMA, 98%), adult human hemoglobin (Hb, MW 65 kDa, pI 6.8-7.0), bovine serum albumin (BSA, MW 69 kDa, pI 4.9), myoglobin (Mb, MW 17.5 kDa, pI 6.8-7.2), lysozyme (Lyz, MW 14.3 kDa, pI 6.99) and ovalbumin (OVA, albumin from egg, MW 43.0 kDa, pI 4.5) were purchased from Sigma-Aldrich. Methacrylic acid (MAA, 98.5%), azobisisobutyronitrile (AIBN, 98%), sodium dodecyl sulphate (SDS, 98%) and Triton X-100 (99.5%) were obtained from Merck (Darmstadt, Germany). Other solvents and inorganic salts were of analytical reagent grade and were used without further purication. Polyacrylamide gels (12%, Mini-protean 3) used in SDS-PAGE were obtained from Bio-Rad.
Preparation of MIP beads by Pickering emulsion polymerization
Protein imprinted polymer beads were prepared by Pickering emulsion polymerization. The Pickering emulsion was composed of an oil phase dispersed in an aqueous phase, which was stabilized by protein coated silica nanoparticles. The water phase was rst prepared as the following: 10 mg of Hb was dissolved in 3 mL of water before 10 mg silica nanoparticles were added. The suspension was gently stirred on a rocking table for 1 h. Aer centrifugation, the supernatant was removed. The recovered silica nanoparticles coated with the Hb ($3 mg, estimated from the Hb in the supernatant) were then mixed with 3 mL water, followed by addition of the functional monomer. When only Am was used as the functional monomer, 100 mg Am was added. When only MAA was used as the functional monomer, 136 mL MAA and 250 mL NaOH (3 M) were added. When both Am and MAA were used as the functional monomers, a mixture of Am (100 mg), MAA (136 mL) and NaOH (3 M, 250 mL) were added. The oil phase was prepared by mixing toluene (100 mL), EGDMA (400 mL, 2.1 mmol) and AIBN (10 mg). At last the two phases were mixed and shaken vigorously by hand for 1 min to give a stable Pickering emulsion. Polymerization was incurred by setting the Pickering emulsion in an oven at 70 C for 16 h. Aer polymerization, the solid beads were collected and washed with methanol for 2 times. For removal of the silica nanoparticles, the composite beads were transferred into a plastic tube and stirred in a mixture of methanol (30 mL) and HF (30%, 1 mL) at room temperature for 1 h. Further template removal was ensured by washing the polymer beads with water containing 10% acetic acid and 5% SDS for 6 times. Finally the polymer beads were washed with water for 6 times before further drying in a depressurized desiccator. As a reference polymer, non-imprinted polymer (NIP) beads were prepared in the same way as the MIP beads, except that the Hb in the water phase was replaced by Triton X-100 (10 mg). Note: silica nanoparticles alone did not give a stable emulsion.
Surface characterization of the MIP beads
A scanning electron microscope (Thermal Field Emission SEM LEO 1560, Zeiss, Oberkochen, Germany) was used to observe the surface morphology of the MIP beads.
Protein binding analysis
Polymer particles (5 mg) were placed into 1 mL phosphate buffer (20 mM) containing different amount of proteins. The mixture was gently stirred at room temperature for 16 h. Aer centrifugation, about 700 mL of supernatant was collected. The concentrations of the proteins were measured with a DU 800 spectrophotometer (Beckman Coulter). Mb, OVA, BSA and Lyz were selected as reference proteins to investigate the selectivity of the MIP beads. The UV detection wavelengths were xed at 405 nm and 408 nm for Hb and Mb, and at 278 nm for OVA, BSA and Lyz, respectively. In competitive protein binding experiments, polymer particles (5 mg) were stirred with 1 mL of protein mixture in phosphate buffer (containing 0.2 mg Hb and 2 mg of other competing proteins). Aer incubation at room temperature for 16 h and centrifugation, 10 mL of supernatant was collected and analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
Protein binding kinetics
To investigate the kinetics of protein binding, polymer particles (5 mg) were mixed with 1 mL Hb buffer solution with an initial concentration of 0.2 mg mL À1 . At different time intervals, the concentration of Hb in the solution was determined using a spectrophotometer. The tests were conducted in duplicate.
Results and discussion
Synthesis of polymer beads by interfacial molecular imprinting
As shown in Fig. 1 , the protein template Hb was presented at the oil-water interface during the imprinting reaction. The protein template was non-covalently adsorbed on the surface of the silica nanoparticles, which turned the silica nanoparticles to become more suitable to stabilize the oil-in-water emulsion.
Compared to earlier protein imprinting using surface-immobilized template, 18, 20, 33 the present method allows a larger number of protein molecules to act as macromolecular template due to the signicantly larger area of the oil-water interface. In the literature, polyacrylamide is known to be biocompatible and acrylamide has been used as a main functional monomer for protein imprinting. 34 Other functional monomers, such as methacrylic acid, 12 dopamine 21 and N-[3-(dimethylamino)propyl]-methacrylamide 35 have also been used for protein imprinting. The choice of monomer is critical for successful protein imprinting, as it has a great impact on the adsorption capacity of the MIP. Moreover, it affects the nonspecic protein binding under different solvent conditions. Since both MAA and Am previously have given successful Hb imprinted polymers, 36 in this study we selected to use MAA, Am, and their binary mixture as functional monomers. The Pickering emulsion polymerization resulted in cross-linked polymer beads bearing different types and amounts of the functional monomers, depending on the strength of the monomer-protein interactions at the oil-water interface. During the protein imprinting reaction, the pH of the Pickering emulsion was kept at $6 in order to obtain a stable emulsion. Also, at this pH value we expected the Hb template (with an isoelectric point (pI) of 6.8-7.0) to attract the functional monomer MAA (pK a z 4.66) through ionic interaction and Am via hydrogen bonding. Aer polymerization, the silica nanoparticles were removed by chemical dissolution in dilute HF, and any remaining protein template was removed by exhaustive washing. The morphologies of the MIP and the NIP are shown in Fig. 2 . The average particle sizes of the MIP and the NIP beads were estimated to be 25 AE 8 mm and 122 AE 34 mm, respectively. The difference in particle size between the MIP and the NIP is due to the different surface-active molecules used during the Pickering emulsion polymerization. The surface bound Hb was more efficient than Triton X-100 in minimizing the surface energy (Fig. S1 †) , leading to smaller Hb-imprinted polymer beads. Fig. 2a and b shows the SEM images of Hb-imprinted poly(MAA-co-Am-co-EGDMA) beads and Fig. 2e and f are the SEM images for nonimprinted poly(MAA-co-Am-co-EGDMA) beads.
Protein binding characteristics
The characteristic of protein binding was rst studied by comparing Hb adsorption on the imprinted and the reference polymer beads. In this work, we prepared the non-imprinted polymer beads using a nonionic surfactant Triton X-100 to replace the Hb protein in the Pickering emulsion. The NIP beads therefore contain no protein imprinted sites on their surface but otherwise have morphology and functional groups similar to the imprinted beads. Despite the different sizes of the MIP and the NIP beads, we measured Hb adsorption on the polymer beads, and used the differential binding between the MIP and the NIP to evaluate the effect of the protein imprinting.
As shown in Fig. 3 , when MAA and Am were used separately as the functional monomer, the obtained MIP and the corresponding NIP beads showed very little Hb binding. Only when both MAA and Am were used as the functional monomers, the obtained MIP beads displayed signicantly higher Hb binding than the NIP beads. This result is in agreement with previous ndings that multiple functional monomers oen lead to successful protein imprinted polymers. 16, 37 In this work, although MAA and Am have somewhat different solubility in the water and the oil phases, we suggest that the nal population of the carboxyl and amide functional groups on the surface of the imprinted polymer beads is determined by the strength of the interaction between each monomer and the protein template.
From Fig. 2c and d , it is clear that aer protein binding, the previously smooth surface of the MIP beads became rough, and the apparent protein aggregates were present on the MIP beads, which may be explained as a result of protein-protein interactions under the experimental condition, where the rst layer of the bound Hb attracted further Hb molecules from the solution. In the case of the NIP beads ( Fig. 2g and h) , no obvious Hb aggregates were observed due to the lack of Hb binding sites in the rst place. We should note however that the protein aggregates in Fig. 2c and d were observed under dehydrated condition, therefore it may not represent how the actual protein-protein complexes look like in solution.
Isoelectric point (pI) is an important parameter affecting protein binding. Protein will become charged at pH values lower or higher than its pI due to the acceptance or loss of protons (H + ). The net charge of proteins will determine the electrostatic interaction of the protein with a charged surface, therefore it is important to investigate the impact of pH on protein binding with the imprinted polymers. Fig. 4 shows the effect of pH on Hb binding to the imprinted and the nonimprinted poly(MAA-co-Am-co-EGDMA) beads. It is interesting to see that the optimal Hb binding is not achieved at the pI of Hb (6.8-7.0), but at pH 5.4-6.2. This can be explained by that the MIP beads were prepared at pH $ 6, at which the functional monomers form the strongest interaction with the protein template, in agreement with previous observations. 38 At pH higher than 6.8, the MIP beads become negatively charged leading to very low adsorption of the negatively charged Hb. On the other hand, when the pH changed to 4.5, the MIP beads start to become neutral, and the lack of ionic interactions lead to decreased protein binding, accompanied by an increased non-specic adsorption represented by the NIP beads. As pH 5.4 results in lower non-specic Hb binding than pH 6.2, we carried out the remaining protein binding experiments in pH 5.4 buffer. an apparent dissociation constant of 3.8 Â 10 À8 M. The capacity of the present MIP is more than 5 times of a previously reported hemoglobin MIP graed on silica-modied magnetic nanoparticles, 21 and exceeds what can be expected from the template loading used in the imprinting reaction. This apparently high protein binding can be explained by possible Hb-Hb interaction, as we have discussed previously for Fig. 2c and d .
To prove that the interfacial protein imprinting indeed leads to surface-exposed protein binding sites, we carried out kinetic Hb binding experiments. As seen in Fig. 6 , Hb binding to the MIP beads reaches equilibrium within 1 h, and 80% of the binding takes place within 30 min, indicating that the new protein recognition sites are indeed located on the particle surface. In addition, since the core of the MIP beads have a high crosslinking density, it is unlikely that any protein binding will take place in the interior of the particles. The high cross-linking density in the interior also provide the MIP beads with a high mechanical strength, which is benecial for material regeneration and for chromatography separation purposes. Compared to the MIP beads, the NIP beads show signicantly lower but faster Hb binding, which can be explained as a result of nonselective adsorption. Obviously, large protein molecules require longer time to access the imprinted sites in the MIP than to simply adsorb on the NIP surface.
Protein selectivity of Hb imprinted polymer
To investigate the protein selectivity of the Hb-imprinted poly-(MAA-co-AM-co-EGDMA) beads, the adsorption of several proteins on the MIP and NIP beads was examined. These tested proteins are different from Hb either in molecular size or pI, and provide useful insight for understanding the main factors affecting the protein selectivity. As shown in Fig. 7 , the MIP beads display signicantly higher Hb binding (60.6%) than all the other proteins (10-30%). This result conrms that the MIP beads have an unambiguous selectivity for the template protein.
Except for OVA, all proteins exhibit low binding to the NIP, which is desirable for minimizing non-specic protein adsorption. The relatively high OVA binding to the NIP may be caused by the polysaccharide chains on this glycoprotein, which can form multiple interactions with the polymer surface to increase protein adsorption. In the case of the MIP, the low pI (4.5) and the small size of OVA make it difficult to t snugly in the Hb-imprinted sites, which lead to reduced OVA binding to the MIP. These results conrm that the selectivity of the MIP for Hb is contributed by the imprinted sites rather than by randomly distributed carboxyl or amide groups on the polymer surface.
The high selectivity of the Hb-imprinted polymer is intriguing for practical protein separations. To demonstrate the potential of the MIP beads, a competitive protein depletion experiment has been carried out, where the MIP beads have been utilized to remove Hb in the presence of an excess of interfering proteins. Among the three interfering proteins used here, BSA (69 kDa) is similar in size to Hb (65 kDa). The difference is in their pI values, and that Hb is composed of four polypeptide chains with an overall biconcaval shape, whereas BSA consists of one polypeptide with an ellipsoidal form. 34 Mb is a monomeric protein with a structure and pI similar to that of the individual subunit of Hb (alpha and beta subunits, $15 kDa). Therefore Mb is an ideal model to study the impact of molecular size on protein binding. Aer incubating the MIP beads in a solution of Hb and 10-fold excess of each of the interfering proteins (BSA, OVA and Mb), the proteins remaining in solution were analysed by SDS-PAGE. As shown in Fig. 8 , in all cases the MIP beads successfully depleted Hb, as the protein band corresponding to Hb disappeared almost completely (Fig. 8a, Lanes 3 and 6) . Interestingly, the MIP was able to deplete Hb even in the presence of excess Mb (Fig. 8b, Lanes 3  and 4) , indicating the dependence of the selectivity on shape and size. These results indicate clearly that the protein imprinted polymer beads possess the desired molecular selectivity useful for practical protein separation and analysis.
The protein imprinting conditions used in this work deserve further discussion. Although protein can be denatured at elevated temperature, it is possible that the surface-bound Hb remained intact at the beginning of the polymerization and acted as native protein template. From the literature, it is known that the stability of enzymes can be improved by immobilization. 39, 40 In addition, proteins have been shown to remain their native structure aer short contact with a high temperature surface. 41 We also found that the Hb eluted from the MIP beads aer the binding experiments maintained its biological activity as determined by spectroscopic characterization (Fig. S2 †) , suggesting that the MIP does not cause protein unfolding. Therefore, the new protein imprinting method can be potentially developed to create macromolecular receptors for other types of proteins.
Conclusions
In this work, we developed a new interfacial protein imprinting technique to synthesize protein selective polymer beads using Pickering emulsion polymerization. The imprinted polymer beads have selective protein binding sites on surface and display fast and selective protein recognition. The synthetic approach involves coating silica nanoparticles with the protein template, using the obtained nanoparticles to stabilize monomer emulsion in water, polymerizing the monomer phase followed by removal of the stabilizing nanoparticles. Using Hb as a model, we demonstrated that the imprinted polymer beads prepared via the Pickering emulsion polymerization have protein selective binding sites on their surface. The high selectivity of the protein imprinted beads and their high stability are attractive for a number of applications involving bioseparation processes, for example for protein purication and selective depletion of abundance proteins in proteomics research. 
